Examination of x-ray crystallographic structures shows the tertiary structure of D-alanine:D-alanine ligase (EC 6.3.2.4), a bacterial cell wall synthesizing enzyme, is similar to that of glutathione synthetase (EC 6.3.2.3) despite low sequence homology. Both Escherichia coli enzymes, which convert ATP to ADP during ligation to produce peptide products, are made of three domains, each folded around a 4-to 6-stranded ,B-sheet core. Sandwiched between the 8-sheets of the C-terminal and central domains of each enzyme is a nonclassical ATP-binding site that contains a common set of spatially equivalent amino acids. In recently have x-ray structures of various members of this class become available. The Escherichia coli glutamine synthetase, where H2NR' = NH3, is a homododecamer of 50-kDa subunits that is highly regulated by intersubunit interactions (1). For a long time, it was the sole representative whose structure was known (6). More recently the structure of GSHase from E.
, and the MurC, -D, and -E bacterial peptidoglycan synthetic enzymes that sequentially convert UDP-muramic acid to UDP-muramyl-tripeptide via addition of L-alanine, y-D-glutamic acid, and meso-diaminopimelate (5) . While it has been clear for some time that the ADPproducing peptide synthetases use the generic acylphosphate 1 -> tetrahedral adduct 2 -* peptide route of Scheme I, only recently have x-ray structures of various members of this class become available. The Escherichia coli glutamine synthetase, where H2NR' = NH3, is a homododecamer of 50-kDa subunits that is highly regulated by intersubunit interactions (1) . For a long time, it was the sole representative whose structure was known (6) . More recently the structure of GSHase from E.
coli, a homotetramer of 36-kDa subunits, was solved to 2.0-A resolution (7) . Crystal soaking with ATP and the analog y-Glu-L-aminobutyrate revealed approximate locations of nucleotide and dipeptide binding. Details of the binding interactions were not published, however, because two loops near the binding sites were disordered.
We recently reported the x-ray structure of DD-ligase of the ddlB gene of E. coli complexed with ADP and a phosphoryScheme I lated phosphinate analog of tetrahedral adduct 2 (8) . A dramatic similarity was noted in the three-dimensional structures of the DD-ligase and GSHase, in spite of only marginal sequence homology. The crystallographic structure of the DD-ligase complex may, therefore, provide significant structural details and mechanistic insights not available from the disordered structure of the homologous GSHase complex. Thus, the two crystal structures suggest the enzymes possess a signature fold and catalytic site that may prove characteristic of a family of ADP-forming peptide synthetases. METHODS Primary Sequence Comparison. For the protein data base search of primary amino acid sequences, the BLASTP program (9) was used. Sequence alignments were done with the CLUSTAL program (10) using a Dayhoff weighting scheme with PAM250 (11).
Tertiary Structures. The crystallographic structure of the ternary complex of E. coli DD-ligase with ADP and a phosphorylphosphinate, refined at 2.3-A resolution to an R factor of 0.171 (8) , is deposited in the Protein Data Bank, Chemistry Department, Brookhaven National Laboratory, entry 2DLN. The enzyme has 306 residues, all of which are visible in the electron density map. DD-Ligase is dimeric across the diad of space group P21212.
The crystallographic structure of E. coli GSHase, refined at 2.0-A resolution to an R factor of 0.186 (7) GSHase is unknown from residues 164 to 167 and from residues 226 to 241 (7) . Diagrams were drawn by Molscript (15) .
folding of the two ligases is found to be strongly similar (Fig.  1) . In view of this discrepancy, the CLUSTAL alignment was more closely examined and found to have very little relation to an alignment, discussed below, based on overlay of the crystallographic structures. Simple counts of exact pairs and similar pairs in the two alignments are compared in Table 1 with the weighted value. It is seen that the CLUSTAL method produces as many, or more, matching pairs as observed in the crystallographic alignment, but the matches themselves are often different.
In the three-dimensional search method with DEJAVU (12), several DD-ligase motifs of secondary structure elements, each containing a given number of residues, were compared with secondary structure motifs in a large crystallographic data base. For these searches DD-ligase was assigned its 28 secondary structural elements: 12 et-helices and 16 (3-strands. TIwo principal parameters, the minimum number of residues in each element and the minimum number of elements to match, were varied as shown in Table 2 . After the number of match elements was raised to 11, the search process identified GSHase as the sole match from the crystallographic data base and produced a rms separation between element centers of 3.00 A. With a smaller motif of only 6 elements having 6 residues per element, the separation between elements is reduced to 2.25 A. The glutamine synthetase structure (6) was not matched by DEJAVU, and it does not, in fact, resemble DD-ligase.
Another fitting procedure for three-dimensional structures (13) gave a correlation map (Fig. 2) that indicates a significant overlay of three domains centered approximately at residues 80, 160, and 260 (in DD-ligase numbering). Secondary structure in the three common domains is shown schematically in Fig. 3 . Each domain forms around a 4-to 6-stranded /3-sheet. Both N-terminal domains contain 4 parallel /3-strands, though the domain of GSHase contains two additional antiparallel /3-strands in place of helix H2 in DD-ligase. The antiparallelstranded central and C-terminal domains of each enzyme have equivalent secondary and tertiary structure (Figs. 3 and 4) . In the case of DD-ligase, these latter two domains are known from crystallography to form the ATP-binding site. The site of ATP binding in GSHase is also in this region, but the ATP position is not well-defined, possibly because reactants were diffused into pregrown native crystals (7) rather than cocrystallized with enzyme after reaction in solution (8) .
Examination of the superposed tertiary structures shows that GSHase contains many amino acid side chains that are spatially equivalent to those surrounding ATP (or ADP) in DD-ligase. For example, phosphate-binding Lys-97 and Lys-144 of DD-ligase closely overlay Lys-125 and Lys-160 of GSHase (Table 3) . Also in the ATP site, Glu-187 and probably the corresponding Asp-208 hydrogen bond to the ribose hydroxyl groups in DD-ligase and GSHase, respectively.
Within the /-sheet of the C-terminal domain of each molecule is a rare perturbation of the secondary structure, a so-called 83-bulge (16) . The /3-bulge results from the insertion of Leu-269 into /3-strand B13 of DD-ligase and Thr-280 into /3-strand B16 of GSHase. In DD-ligase, and possibly in GSHase, and/or the -y-Glu-Cys substrate (17) .
Alignment of the cleavable loops in the two enzymes is not clear because of the structural disorder in GSHase and poor sequence homology in this region. While site-directed mutagenesis of Arg-233 to alanine or lysine reduced relative activity to about 5%, the binding affinity of ATP to GSHase was reduced by only 5-fold (17) , so the role of Arg-233 is uncertain. Based on the overlay of the two crystallographic structures, the shorter loops in each enzyme are more clearly aligned.
-
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In the DD-ligase complex, the backbone amide groups of Ser-150 and Ser-151 form hydrogen bonds with the (-and y-phosphate groups, and the two hydroxyl groups bind with the larger loop in the closed (complexed) configuration. In GSHase any interloop linkages would obviously involve only backbone groups. At the quaternary structure level, the dimer interface in DD-ligase contains eight hydrophobic residues from helices H2, H3, H4, and H5. In tetrameric GSHase, the corresponding interface involves helices H2, H3, and H4 and (B-strands B3 and B8. In both enzymes, the subunit interfaces are distant from the catalytic site.
DISCUSSION
After the chance discovery of tertiary structure similarity of DD-ligase and GSHase, a retroactive search and alignment of 4F 17ttl 13f 9| il   FIG. 3 . Secondary structure elements in the three domains ofDD-ligase and GSHase. Dotted segments are disordered in GSHase (7). the amino acid sequences of the two enzymes was undertaken. The search of more than 130,000 sequences failed to match the two enzymes, possibly because the correct alignment, that is, the structure-based crystallographic alignment, exhibits an exact identity of only 11% and an unimpressive similarity of 25%. An automated sequence alignment produced a Dayhoffweighted homology of 12%, and it failed to align important structure-matched pairs in the ATP-binding domain (Table 3) . Troublesome is the finding that the 15% identity and the 25% similarity based on this incorrect alignment are greater than and equal to the respective percentages based on the correct alignment. On the other hand, the automated search (12) of three-dimensional motifs in the crystallographic data base quickly found a unique match with GSHase.
Comparison of the three domains in DD-ligase with those in GSHase shows that the central and C-terminal domains (Fig.  4) (17, 18) did not describe specific side-chain-reactant interactions. Overlaying the DD-ligase structure, we see spatial matching of six GSHase residues that would interact with ATP (Table 3) . However, many residues likely to interact with amino acid substrates would be on the two disordered loops, if DD-ligase is accepted as a model (8) . Site-directed mutagenesis of GSHase established that one of these loop residues, Arg-233, is required for activity, and its removal affects the binding of substrates more than the binding of ATP (17) . The We thank S. J. Remington and G. J. Kleywegt for providing structure fitting programs and J. A. Kelly for helpful discussions. This work was supported by National Institutes of Health Grant 1RO1-AI-34330 (to J.R.K.) and GM-49338 (to C.T.W.).
